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ABSTRACT 

A novel parameter extraction method based on Adaptive Differential Evolution Technique (ADET) is introduced 

for various types of solar photovoltaic (PV) modules. Cracks can isolate large portion of a module and increases the 

electrical resistance, thus current-voltage (I-V) drop will be increased and it leads to power loss. The parameter extraction 

and crack identification problem is based on the single diode model of a solar cell. The simulation is performed using an 

objective function for minimizing the difference between the estimated and measured values. The simulation result is 

compared with the I-V data set showed that the proposed ADET outperforms other techniques such as chaos particle swam 

optimization (CPSO), genetic algorithm (GA), simulated annealing (SA) and organic and inorganic solar cells (OIS). 

Finally, the proposed ADET method is practically validated with three different types of solar modules such as thin film, 

mono-crystalline and multi-crystalline. The performance of different solar cell modules has been verified and the result 

shows that the proposed method is suitable for parameter extraction of PV modules. 
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1. INTRODUCTION 

A renewable energy source such as photovoltaic 

(PV) and wind energy has significant growth for the last 

few decades. Renewable sources produce local heat, even 

though the thermal reduction is achieved by avoiding CO2 

emission. The PV panels are dark and absorbing around 

85% of incoming light whereas 15% is used to generate 

electricity, the remaining 70% will produce heat [1]. In 

order to collect the performance data, data acquisition 

system is widely used in hybrid power source applications. 

A data acquisition card is used to send the received data to 

the PC. Both the renewable sources are widely used 

because of its social and environmental benefits. This 

source will be the   important power source for future with 

government incentives and public support [2]. The 

possibilities of providing electricity through a renewable 

hybrid energy system to a remotely located community are 

proposed by Bekele et al. [3, 4]. The hybrid energy system 

which utilizes wind and solar is a better alternative for 

stand-alone applications. This type of energy system is 

implemented in a region Hurghada in Egypt for a reverse 

osmosis desalination system [5]. For minimizing the life 

cost, Hafez and Bhattacharya proposed an optimal design 

of a hybrid energy system which includes PV, wind and a 

micro-hydro for generating power [6].  

Developing suitable models are required to 

simulate and predict the behavior of PV modules. There 

are two main models such as single diode and double 

diode models are used for PV cells and PV modules [7]. 

The accuracy and number of parameters used to calculate 

the I-V characteristics of PV module will differ from each 

models. It is noted that the double diode model is more 

accurate than single diode model, which is based on solar 

panel behavior [8]. To evaluate the PV systems, these 

models should be used with its parameters. The 

parameters can be extracted in two ways: the first one is 

fitting the theoretical I-V curve with the experimental 

data. In the second method, few key points of 

experimental data have been taken for determining the 

parameters [9, 10]. The second method is attractive 

because it needs few data from I-V curves and its speed.  

It has to be noted that the I-V curve is highly non-linear 

and the extracted parameters provides errors if wrong 

points has been selected. However, the curve fitting 

algorithms requires large computations and the accuracy 

depends on the cost function, type of algorithm and initial 

value of the parameters to be extracted [11]. The 

conversion efficiency of practical solar cell is in the range 

of 15-20%. To extract the maximum power from the solar 

PV cells is a challenging job for the researchers to select 

proper materials and suitable techniques. In commonly 

used solar cell technology, the electrons are collected on 

the top of the solar cell by fingers or grid lines which is 

deposited on the surface of the solar cells. The fingers are 

connected with two or three busbars which are soldered on 

the surface of cells are shown in Figure-1. To avoid partial 

shading provoked by busbars and fingers, a back contact is 

used and there is no busbars and fingers. In this work, we 

modeled the solar cells with front contacts.   

Cracks can originate during different stages from 

production to installation of solar cells and it can isolate 

large portion of a module and increases the electrical 

resistance between fingers and solar cell contact. Such 

broken portion contribute drop in the I-V (current-voltage) 

of the whole module and leads to power loss [12]. It may 

be invisible but can be identified accurately by 

electroluminescence method (EM). The probability of 

cracking occurs in solar cell has been proposed by Sander 

et al [13]. The strength and stress level of silicon solar 

cells also been studied.  

In the past few decades, various parameter 

extraction methods such as analytical parameter extraction 
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method [14], non-linear fitting algorithms [15] are used to 

extract parameters from PV cell models. Optimization and 

metaheuristics algorithms are widely used in parameter 

extraction of solar cells. Evolutionary algorithms are the 

natural choice for parameter extraction problems which 

are capable to solve other than the standard test condition. 

Evolution algorithm methods are very attractive to solve 

parameter extraction regardless of gradient and 

information of initial conditions [16]. Various 

evolutionary algorithms such as genetic algorithm (GA) 

[17, 18], chaos particle swam optimization (CPSO) [19], 

simulated annealing (SA) [20] have been included in 

parameter extraction for solar cells. The electrical 

characteristics of solar cells and parameter extraction 

using GA are calculated from the maximum power point 

[21]. The PSO technique is used to extract various 

parameters of PV module [22, 23]. The modified 

differential evolution algorithm called penalty based DE 

algorithm is used to extract various parameters of solar 

cells [24].   
 

 
 

Figure-1. The solar cell showing fingers and busbars with 

two cracks. 

 

GA has limitations like low speed and 

degradation [25]. The trade-off between temperature, 

cooling schedule and inconsistencies are the major issue to 

make SA less choice for parameter extraction problems 

[26]. To improve the consistency of the estimation, PSO is 

introduced in conjunction with cluster analysis. The PSO 

is used to estimate the parameters and the cluster analysis 

for filtering the non-feasible solution [27, 28]. It increases 

the consistency and reliability, even though it requires all 

previous points to be stored. It increases the computational 

burden and hence the simulation speed will be greatly 

affected. The searching space of parameters should be 

broadened to avoid convergence problems and the 

extraction processes satisfy different boundary conditions. 

The V-I characteristics of organic and inorganic solar cells 

(OIS) studied by Chegaar et al. [29]. Various parameters 

of solar cells are extracted and the energy conversion and 

management also studied. A maximum power point 

tracking (MPPT) of solar PV modules for fast varying 

solar radiations model has been tested in ANFIS-based 

MPPT control scheme. Various parameters of solar 

module have been studied by El-Naggar et al. [30] using 

SA algorithm. Unlike conventional differential evolution 

(DE), the solution of adaptive DE is always in the feasible 

region and unconstrained in nature. This is where the 

inclusion of adaptive DE. As a result, more number of 

solutions will be created. The solutions take part in the 

evolution process and the accuracy, where diversity and 

consistency will be improved. In this work, the 

performance of ADET is investigated for a solar module 

parameter extraction process and compared with four 

other methods namely GA, CPSO, SA and OIS. The crack 

identification model has been introduced and the result is 

verified by both the experimental and numerical. The 

remainder of this paper is organized in the following 

ways: section 2 describes the problem formulation of 

parameter extraction with double diode model and 

parameter dependent on temperature and irradiance levels; 

section 3 describes the DE and adaptive DE algorithm; 

section 4 explains the simulation and experimental results; 

and finally, conclusion is discussed in section 5.   

 

2. PROBLEM FORMULATION  

The main objective of the parameter extraction 

for solar cell models is to minimize the difference between 

measured and simulated current. Two circuit models 

(single and double diode) are familiarly used to describe 

the performance of solar cells. The single diode model 

provides better performance under normal operating 

condition but the performance is very less at low 

irradiance [31]. On the other hand, the two diode model 

[32] modifies the current equation by including the 

recombination losses in space-charges by incorporating an 

additional diode.  

 
 

Figure-2. Equivalent circuit model of solar cell using 

double diode model. 
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a) Double diode model 

The equivalent circuit model of solar cell using 

double diode model is shown in Figure-2. In this model, 

the terminal current It can be represented as follows [33-

35]: 
 

     (1) 
 

  (2) 

 

Where q represents the charge of electron 

(1.6x10
-19

 C), Iph represents the photovoltaic current, K 

represents the Boltzmann constant (1.38x10
-23

 J/K), Iph is 

the cell-generated photocurrent, N is the number of 

module serially connected, Tj is the junction temperature 

of the module, Iph is the photovoltaic current. The 

subscript 1 and 2 represents first and second diode 

respectively. Seven parameters such as series resistance 

(Rser), shunt resistance (Rsh), saturation current of diodes 

(Isd1 and Isd2) and ideality factor (mi1 and mi2) of diode can 

be extracted from the given set of I-V data. 

 

b) Parameters dependence on temperature and 

irradiation levels 

The standard test conditions (STC) can be 

referred from the manufacturer's catalogue and the 

parameters recognized from the datasheet are applicable 

only under STC. The dependence of the parameters on the 

temperature and irradiance levels is determined using the 

principle of supervision [36,37]. The dependence of the 

PV model parameters can be inserted and the I-V 

relationship can be realized. In this paper, the parameters 

such as Rser, Rsh, Isd1 and Isd2 are used the similar relation 

utilized in [36] and [38].  

 

       (3) 

 

       (4) 

 

    (5) 

 

The value of band gap energy Bg, in TSTC=25
o
 C 

is set to 1.121 eV for silicon cells [36], [38]. Bg can be 

expressed in terms of cell temperature according to [37], 

[38] is given by  

 

    (6) 

The photo current on the irradiation level and 

temperature can be expressed as [35]: 

 

    (7) 

 

where the temperature coefficient of the short 

circuit current Tsh, is (%/
o
C). The parameter Isd2 as a 

function of cell temperature can be expressed as:  

 

      (8) 

 

Now (8) can be written by introducing 

proportionality constant C as: 

 

       (9) 

 

Now (9) can be evaluated at STC and after 

reducing with some algebra, we can get 

 

   (10) 

 

The parameters in (3), (4), (5), (7) and (10) can be 

applied into (2) to extract the I-V characteristics of PV 

module at different operating conditions.   

 

c) Crack identification model 

The most common PV cells are made of silicon 

and the fingers (metal grids) are present in the top layer 

and the electrical contacts made by metal bases on the 

bottom of the cell. The fingers are soldered to busbars and 

they are connected in series with different solar cells to 

form the PV module is shown in Figure-1.  The 

homogeneous properties of the solar cell, the current flow 

IF(β) along the finger can be determined by a one-

dimensional electric model and the value of β described by 
each position varies from one busbar to other. The voltage 

is a function of β due to distributed resistance 
(metallization and emitter resistance) of the grid line [39]. 

For each voltage V(β), the surface current density, It can 

be determined using single diode model. The finger 

crossed by a crack has been verified but the relation 

between the localized resistance and crack opening are not 

investigated by Berardone et al [40]. This problem has 

been included in the present work.       

The electroluminescence test is carried out under 

no direct illumination from the sun instead it is performed 

inside a dark room with externally applied by a power 

supply through busbars. The current density along the 

finger IF(β) can be represented by the differential equation 
as: 

http://www.arpnjournals.com/
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   βIR-  
dβ

βdV
FS       (11) 

 

where Rs represents the sheet resistance in the β 
direction. The current density passing through the solar 

cell is equal to the derivative of current density along the 

finger and it can be represented as: 

 

   βI-  
dβ

βdI
t

F        (12) 

 

Substitute Equation. (11) into Equation. (12), it 

will produce the following second order differential 

equation as: 

 

   βIR 
dβ

βVd
tS2

2

       (13) 

 

The response of current density through the 

thickness of the solar cell can be determined by a single 

diode model [41]: 

 

   







 


T

tsd

0t
mV

IRβV
expIβI      (14) 

 

where I0 is the saturation current density, Rsd 

represents the sheet resistance in series with the diode, m 

is ideality factor of diode, and the thermal voltage, 

ekT
T
V . k is Boltzmann constant, T is temperature, 

and e is charge of electron. Now apply Newton-Raphson 

method on Equation. (14) and it can be written as:  

 

      
0

mV

IRβV
expI-βIβIf

T

tsd
0tt 







 
    (15) 

 

d) Solar cell model optimization problem 

The solar cell model parameter extraction is an 

optimization process which minimizes the difference 

between real and estimated values. The parameter 

estimation using optimization technique implemented in 

the following approach: 

 A set of real data of I-V for a PV module is measured. 

 Defined an objective function for minimizing the 

difference between the real data and measured values. 

 Tune the parameters by applying an optimization 

algorithm until the best objective function obtained.  

 After completing the optimization algorithm, the 

optimal value is extracted from the solution obtained 

by the optimization algorithm.   

 

Now assign a vector U, for each value which is 

extracted from the optimization algorithm. The vector for 

double diode model is U= [Rs, Rsh, Ish, Isd1, Isd2 mi1, mi1, 

It(β)]. An objective function needs to be defined in the 

optimization problem and the corresponding function for 

solar model parameter extraction can be defined from (2). 

The homogeneous equations for the corresponding 

equations are given as: 

 

(16) 

 

Now the values of U can be put into (16), the 

solution of f (Vt, It, U) for each pair of V-I data can be 

measured. The difference between real and estimated data 

can be evaluated, typically by the root mean square error 

(RMSE) criterion. For parameter extraction of solar cell 

models the following objective function is used to 

minimize the RMSE as: 

 

(17) 

 

where M is the number of real V-I data and the output 

of RMSE guide the optimization search for better value of 

the vector U. If the value of RMSE is bad, the 

optimization algorithm tuned the vector U and send back 

to (16). This iterative procedure improves the value of 

vector U and stopped if the output value is good enough or 

the optimization algorithm attains maximum iteration 

time.  

 

3. DIFFERENTIAL EVOLUTION ALGORITHM 

Differential evolution is a heuristic, population 

based algorithm originally proposed by Storn and Price in 

1997 [42]. DE is a search and optimization technique 

which generates new vectors by adding the third one with 

the difference of two population vectors. There are several 

variants of DE and it can be expressed as:  

 

     (18) 

 

          where mu, dv and cr represents the mutated vector, 

number of difference vector and crossover scheme 

respectively. DE has different advantages such as simple, 

robust, few control parameters and effective. It can also 

work with multi-dimensional, noisy and time dependent 

objective functions [43]. Based on these advantages, we 

choose DE for optimization parameter estimation problem.  

 

a) DE-Based optimal parameter estimation 

 Consider the solar cell model parameter 

optimization as (17), U is the decision variable which 

contains n variables xiЄRn
. The step by step procedure for 

implementing DE algorithm is described as follows: 

step 1. The population (NP) of D-dimensional parameter 

vector ௜ܷ௞ and the population of solution P
k
, ��௞ = ௜ܷ௞ , 

i=1,2,...,NP; k=1,2,...,kmax and ௜ܷ௞ = ௝ܷ,௜௞ , j=1,2,...,D.  

http://www.arpnjournals.com/
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The index, i represent the population index, j 

represents the parameters within the vectors and k is the 

generation to which a vector belongs.  

The population NP has D-dimensional 

vectors ௜ܷ௞ = [ ଵܷ,௜௞ , ଶܷ,௜௞ , … , ௝ܷ,௜௞ , … , ܷ஽,௜௞ ]. Each vector forms 

a candidate solution to the D-dimensional optimization 

problem and values are randomly selected within the 

interval UL and UM. ௅ܷ = [ ଵܷ,௅ , ܷଶ,௅ , … , ܷ஽,௅]and ܷெ =[ ଵܷ,ெ, ଶܷ,ெ, … , ܷ஽,ெ] are the lower and upper limits of the 

search space. Now the initial population in the search 

space by: 

 

   (19) 

 

The solution of parameter estimation is feasible 

because they are initialized within the feasible range and 

we have to find the optimal one.   

 step 2. According to (17) evaluate the fitness of each 

individual in the population. 

 step 3. Create new population by: 

 

(1) Mutation: For the given parameter vector ௜ܷ௞, 

randomly choose three different vectors ሺ �ܷ௞ , �ܷଶ௞ , �ܷଷ௞ ሻ in 

the range [1, NP]. A trial vector ௜ܸ௞is created by adding 

the third vector to the difference between the two vectors 

and is given by 

 

   (20) 

 

        where F is the mutation scaling factor having range 

(0,1). 

(2) Crossover: The trial vector ௜ܸ௞+ଵ and the target vector ௜ܷ௞ are mixed to yield a new vector as: 

 

   (21) 

 

        In this work, binomial crossover strategy [35] is used 

and it can be expressed as: 

 

   (22) 

 

       where RC is the rate of crossover. 

(3) Selection: For each Uj,i and corresponding Yj,i to select 

next generation vector, k=k+1 as: 

 

              (23) 

        where J(U) is the objective function to be minimized. 

Thus, the new trial vector swaps its values with the target; 

if objective function value is less otherwise the target is 

conserved in the population. 

 

b) Adaptive DE algorithm 

The parameter setting in DE is crucial [44, 45] 

and to overcome this drawback by Zhang and Sanderson 

introduces an adaptive DE algorithm [46, 47]. The 

parameters P
k
, F and RC are adaptively control and 

generate the parameters successfully. The adaptation is 

described as follows: 

 

(1) Mutation factor adaption: Each individuals ௜ܷ௞ and 

associated individuals are mutated with the mutation rate 

Mr and obtained by the strategy DE/mu/dv/cr [44] as 

follows: 

        A trial vector ௜ܸ௞is created by adding the third vector 

to the difference between the two vectors and is given by 

 

                           (24) 

 

        where F is the mutation scaling factor having range 

(0,1) and is given by 

 

   (25) 

 

       where k is the current generation, kmax is the 

maximum generation, and rand1 and rand2 are the uniform 

random values within the range (0,1). The scaling factor F, 

should be adaptive with the following mutation rate Mr 

and is determined as: 
 

   (26) 
 

f(.) is the objective function. 

(2) Crossover adaptation: The crossover rate RCi is 

independently calculated for each vector as:  
 

    (27) 
 

           where ��஼௞  is the mean value to generate RCi. It is 

updated as:  
 

  (28) 
 

             where q is a constant in the range (0,1), SRC is the 

set of successful rate of RCi and meanA(.) is the usual 

arithmetic mean operation.  
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Figure-3. Convergence performance of ADET and 

various other methods during parameter extraction. 

 

4. SIMULATION AND EXPERIMENTAL 

RESULTS 

In this section, the parameters of ADET have 

been studied by using measured data. The measured 

voltage and current data of solar cell and PV module are 

taken in this simulation. The prototype of PV module has 

39 polycrystalline silicon are connected in series, totally 

1200 W/m
2
 and the voltage and current are measured 

under one sun at 33
o
 C. Various parameters of ADET used 

in this simulation are as follows: the population size 

NP=150, maximum number of generation kmax=500, 

Length of individual Li=3, DE-step size S=0.5, merging 

generation rate Pm=0.5, crossover probability constant 

Cr=0.5 and the termination criteria Tc =1 x e
-6

.  

 

a) Simulation results 

 The prototype of PV module has 39 

polycrystalline silicon are connected in series, totally 1200 

W/m
2
 and the voltage and current are measured under 1 

sun at 33
o
 C. Here the real values of voltage and current of 

PV module is same as [48]. The extracted parameter 

values and the RMSE obtained by the proposed method 

and other four algorithms are presented in Table-1. The 

proposed ADET method is compared with other parameter 

extraction techniques such as CPSO, GA, OIS and SA. It 

is seen that, the ADET has lowest RMSE compared to 

other parameter extraction techniques such as CPSO, GA, 

SA and OIS. Since ADET has lowest RMSE, we conclude 

that the performance of ADET is very good and it is 

suitable for parameter extraction in solar cells.  The 

relative error (RE) and individual absolute error (IAE) are 

used to show the performance of parameter extraction 

methods [43] and it can be defined as: 

 

     (29) 

 

     (30) 

 

Table-1.  Comparison of RMSE for various parameter 

extraction methods with proposed ADET. 
 

 
 

 Additionally, computational speed of all the 

extraction method is compared with the proposed method.  

From Table-1 one can easily understand that the ADET 

method is faster than other parameter extraction methods 

and it takes 44 seconds to compute various parameters for 

30,000 generations. The computational time of CPSO 

requires around three times greater than ADET. However, 

the computational time required for GA, OIS and SA are 

much greater than that of ADET for the same generation. 

It is noted that CPSO is not converge with the desired 

solution if lower number of generations are used. On the 

other hand, ADET consistently converges for both the 

lower and higher generation levels. This better 

computational speed is useful to make the proposed 

method as PV simulator.    

 

 
 

Figure-4. Optimal values of IAE extracted by CPSO, GA, 

SA, OIS and ADET for the PV module. 

 

 The qualitative representation of the convergence 

performance of ADET and all other methods are shown in 

Figure-3. The evolution process becomes very slow after 

200 iteration according to GA and OIS. It implies that 

these methods prematurely converges to a local minima at 

B=0.03. Table-2 also shows that the mean, maximum and 

minimum values of B are in the order of 10
-2

. According 

to CPSO and SA the Bmin values are close to the threshold 

http://www.arpnjournals.com/
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value and the Bmax is far from the threshold value. It leads 

to poor standard deviation. On the other hand, Figure-3 

illustrate that the exploration capability of both the CPSO 

and SA are not efficient and their RMSE languish after 

15,000 generations. In contrast, the ADET shows that it 

has very low RMSE and provides high accuracy. The 

zoomed view is shown inside the Figure-3. From the 

zoomed view one can clearly understand that the RMSE of 

ADET has been improved up to around 500 iterations and 

it settled with the mean value of 2.873×10
-9

. The standard 

deviation of ADET is very small and almost it is 

negligible which indicates that the solution obtained by 

every run is highly consistent.     

 

 
 

Figure-5. Relative error estimated by CPSO, GA, SA, OIS 

and ADET. 
    

 The optimal value of IAE for each measurement 

using ADET and other parameter extraction techniques 

such as CPSO, GA, SA and OIS are presented in Table-3. 

The comparison between CPSO, GA, SA, OIS and the 

proposed method with the optimal value of IAE for each 

measurement is illustrated in Figure-4. From Figure-4 one 

can easily understand that the ADET method has better 

performance than other parameter extraction methods such 

as CPSO, GA, SA, and OIS. The total IAE values for each 

measurement is also calculated and presented in the    

Table-3. The total IAE value of table 3 point out that the 

ADET has lowest total IAE compared to other methods 

for the PV module. From Table-3 and Figure-4 one can 

easily understand that ADET outperforms CPSO, GA, SA, 

and OIS for this parameter extraction problem. Figure-5 

illustrate that the comparison between CPSO, GA, SA, 

OIS and the proposed method with the optimal value of 

RE for each measurement. The IAE of the proposed 

method is very low compared to other parameter 

estimation techniques. On the other hand the value of RE 

is in between CPSO and OIS. The zoomed view is shown 

inside the Figure-5. From the zoomed view one can clearly 

understand that the deviation is very little compared to 

other method. From the result we observed that the values 

extracted by ADET in the PV module fit the real data very 

well. The excellent performance of ADET can be 

characterized to different factors such as: 1) the diversity 

of parameter search space can be increased by F and RC; 

as a result new set of children is generated. 2) An inherent 

capability of the adaptation process provides guarantees 

that the parameters are always in the feasible region only. 

3) The one-to-one selection ensures that the winning 

parameters are allowed to take part in the next generation 

and the parameter which loses even a single competition is 

eliminated. Generally, these factors provide rapid 

convergence, highly accurate and consistent solutions. 

Figure-6 illustrates the V-I characteristics of optimal 

values extracted by ADET along with the real data. From 

the result we observed that the double diode model is the 

best choice for the real data. 

 

Table-2. Optimal values of IAE extracted by CPSO, GA, 

OIS, SA and ADET for the PV module. 
 

 
 

The predicted data of current through the 

thickness of solar cell with solid line is compared with the 

experimental data (in blue dot) is shown in Figure-7. The 

crack opening present in the solar panel under test is: 0.12, 

0.18, and 0.23µm for the mid-span deflections 4, 7, 10, 

and 13 cm respectively. The parameters which are 

determined from the model for the corresponding solar 

panel for finger not crossed by crack are: Rs=0.2Ωcm2
, VT 

=24mV, Rser=o.12Ω, It= 1.43x10
-12

 A/cm
2
. The point of 

finger crossed by the crack can be identified by EM test. 

The values extracted by ADET are listed in Table-4.       

 

 
 

Figure-6. Comparison results of PV module with the real 

data. 
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Table-3. Optimal values of IAE extracted by CPSO, GA, OIS, SA and ADET for a PV module. 
 

 
 

b) Experimental test 

The parameter extraction methods used for PV 

modules have been tested with experiments. The 

experimental data is taken from the manufacture datasheet.  

Three different modules such as thin film (ST36 and 

ST40), mono-crystalline (SM55 and SQ150PC) and multi-

crystalline (MSX-60 and KC200GT) are used for 

experiments. The experiment is conducted for five 

different irradiance levels such as 250 W/m
2
, 500 W/m

2
, 

750 W/m
2
, 1000 W/m

2
 and  

 

 

1250 W/m
2
 and the data is measured. In order to study the 

quality of optimal values extracted by ADET, various 

parameters such as Rser, Rsh, Iph, Isd1, Isd2, mi1 and mi2 are 

put into (3) and then determined the I-V characteristics of 

PV module. The I-V characteristics of optimal values 

extracted by ADET along with the real data for thin film, 

mono-crystalline and multi-crystalline are illustrated in 

Figure-8, 9 and 10 respectively. 
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Figure-7. The current It in a mono-crystalline Silicon cell along a finger crossed by a crack for four mid-span deflections 

(a) 4 cm, (b) 7 cm, (10) cm, (13) cm. 

 

 
 

Figure-8. I-V characteristics of thin film solar module using ADET (a) ST36 (b) ST40. 

 

 
 

Figure-9. I-V characteristics of mono-crystalline solar module using ADET (a) SQ150PC (b) SM35. 

 

 
 

Figure-10. I-V characteristics of multi-crystalline solar module using ADET (a) MSX-60 (b) KG200GT. 
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From the results one can easily understand that 

the extracted data is accurately fit with the whole range of 

experimental data. The accuracy of the result is more in 

lower irradiances than higher irradiances. The numerical 

values of the extracted parameters using ADET is shown 

in Table-5. The experimental results of different solar cell 

models presented in Table-5 and from the Figure-8-10, the 

performance of the proposed parameter extraction method 

verified with good accuracy. From this we conclude that 

the proposed ADET technique provides good performance 

in parameter extraction of solar cell models. From the 

result we observed that the values extracted by ADET in 

the PV module fit the real data very well. To evaluate the 

accuracy of ADET, the extracted parameter values are 

compared to GA which contains minimum RMSE than 

other parameter extraction methods. Figure-11 shows that 

the comparison result of three different types of solar 

modules with different irradiance levels. The proposed 

method outperforms than other parameter extraction 

methods and the magnitude of maximum error is less than 

0.02. On the other hand, the magnitude of maximum error 

exceeds more than 0.1 in the case of GA.  

 

Table-4. Parameters extracted by ADET for mono-

crystalline solar cell. 
 

 
 

 

Table-5. Extracted parameters of three solar modules with different irradiance levels. 
 

 
 

The crack can be identified by different 

deformation level of electroluminescence imaging. If the 

image is in dimmer state then intensity is also low, thus 

cracks can be identified. In this work, a voltage of 0.7V 

was applied to the panel and the EM emission was 

detected by a CCD camera, 12 bits with resolution of 

1300×1100 pixels. The tests were performed inside a 

darkroom and the obtained EM data is converted into It 

according to the method proposed by Fuyuki et al. [49].     

For numerical modeling, the cell number 2 has a 

crack near the right edge of the cell between two busbars. 

The local electrical resistance of this cell is increasing and 
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it can be observed that the dimmer EM signal around the 

crack. The EM image of four cell of the PV panel is 

shown in Figure-12. Location of crack can be clearly 

differentiated by 

 

 

 
 

Figure-11. Absolute error for different irradiance levels (a) thin film (b) mono-crystalline (c) multi-crystalline. 

 

 
 

Figure-12. Electroluminescence image of the solar panel under different deflections (a) 4 cm, (b) 7 cm, (c) 10 cm, (d) 13 

cm. 
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a circular spot on the center of mono-crystalline solar cell. 

This pattern cannot be identified by naked eye and only be 

determined by EM.  

   

5. CONCLUSIONS 

 In this paper, a novel parameter extraction 

technique called ADET is used for solar cell modules. The 

proposed technique offers several advantages such as 

accuracy of solution, speed of convergence and balance 

between exploration and exploitation. The ADET method 

is applied to different types of solar cell modules such as 

thin film, mono-crystalline and multi-crystalline for five 

different irradiance of extracting the parameters. 

Comparisons are performed with other parameter 

extraction techniques such as CPSO, GA, SA, and OIS. 

Among these the proposed method performs better than 

other parameter extraction techniques. The feasibility of 

the ADET technique is verified by experimental V-I data 

set of thin film, mono-crystalline and multi-crystalline 

solar cell modules. Finally, the absolute error is computed 

for thin film, mono-crystalline and multi-crystalline solar 

cell modules for five different irradiance levels.  It was 

found that the proposed technique is very accurate and 

rapid convergence to the solution. So the proposed method 

provides an alternate method to parameter extraction for 

solar cell models.   
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